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Valu..,~ of th: eqJ.:.lll.r.iu.rl C,)~1s'~ a r.ts f or 

.:~n l 

iKrf' founr_! to 1Je il! proximately L..6 x 106 for K1 and 2.6 x 104 for K2 

•..rherJ 1 was c.ssl!..'1.'"3cl t.o Le \.rater, clr1~. 2.4 x lC 7 for K1 and 9. 7 x l ~~ for 

::-...,.., ul1,.,r. Y ,.;as 3S.S1JJn··;J to be nitz·ate ion. 
'-

hbscr, t io:-1 srec~ra shm-:ed peaks for Pd(!m3) 1
1
Cl2 c:t 29~ P" )'. ( E = 

211) and for Pd(Nii3 )2Cl2 .?t 370 m~ ( £ = 178). In addition, 211 soJ-.t-

t ions cm.t."ti:-ti:-Lf: a p:::.lladium- mJnonia cornplex showed intense ahsor~'tion 

at wave 1P:l€·t.:.hs below approximately 21./1 l':l/'<- . 

7h;:~ writer wishes to express his ·'l~prt·cia tion for th'3 · s.:. istance ann 

ei::.cot..r"l.f:E.:ment 1;i ven him tr Professor Richarrl ;, . R.;d nh:-trdt of t:-: e J. S. 

Xaval ro~tgr.:~.duatc 3chool in this investit;ation. 
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The cone£ ntr;, ti on tr. t. v.•ould h.q VP. resulted fror1 the 

total hycrot;f·n ion in solution if no reaction occ- urr·'"'d. 

[t] lt•S.:> t.h~' chan1·2 j :1 conce~tr=1t ion re~ul U !1~· from 
J 

t •,() r<rctro~en ion r8quired to neutr.:1li::-e the ~f.'lrr.onia 

( [ li+] 
1 

[ 'r+J
2 

less the chanre in concentration r0sulti:11• fro"' 

the hy:lr·orcn ion requirect to co:npl ete the~ first s t cp o. 

the substit~tion in the reaction . 

( [ •·+] - [ o.l ( \TTT ) ~ +J \ \ l1 , u\,,11.., I ) 
2 ) ~~ 0 

The last rr.easured value of hydrocen ion concentr~tion 

for a particul~r run. 

Concentrqtion in milli~oles per liter. 

Vc:lucs graFh:i.caJ.ly extrftt~O l :.tted to ti:n8 1....'f z.er0 from 

plots of hj~rogen ion versus time. 

Extinction coefficiE'r.t 

Ni~ratc ion or wat~r 

f.m.rnonit:Jn io:: or ni ~ r.1 t ... ion 
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I. I1.trod 1ction 

I1icblorodL:ru,inP.:l'tll1di.lm (II) C!ln be prepared by the following 

;,t>ries of react ions [ 11] 

~Pd-::11 -- • l.dFI 3 "' PJ(~JH~)l .Pd::::l, (s) + LCl-
•. ,J • 4 

(1) 

(2) 

(3) 

(L) 

::::n a preliminary stuciy, and 11nder a limited range of conditions, Rein­

h'lrdt [15] found that in the initial stages of the reaction (eq. 4) the 

ra tc tvas independent of the concer.tration of hydrogen ion. This observa-

tion aroused interest as to the nature of the kinetics of this reaction. 

Di~itratodia~~inepalladi·~ (II) can be prepared in solution by 

repl-:1cing the chloride ion in equation 4 with nitrate ion [11] . 

Banerjea and Tripathi [RJ reported on the rates of stepwise suhsti-

tution of chloride and nitrate groups in trans-dichlorvdiammi.ne palladi'.lrl 

(II) and other similar palladium compounds by various reagents of dif-

fering nucleophilic character. 'I'he reactions, fol l owed by cond·.1ct1.nce 

Measurements, were found to he of the SN2 type ,.d th th~ rates decreasine: 

in approximately the same order as the nucleophilic charactPr of the 

inco:"ling Groups. Most of the reactions were found to be very fast, with 

the majority reaching completion in less than one minute at 36°C. 

Bassolo, Grqy, and Pearson [ 9] reportP.d a kinetic study of the 

repl3.cement of a ligand Z in platinum (II) and pall3.dium complexes of 
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thr> ty•>e H ( Jien )Z~ anct :1 t t ripy) Z ... by pyridine in aq11eous sol.ltions. 

These reactio:1s were also followed l'Y mear-uring chan~es in the el-~c­

tric.:il con11uctivitv of the solutions. ?or the :'"'•ll1.di.un complexes, 

when Z was~ halot:er., the calcul3.terl infinit,, V'i}UP of conc!uctivit:r was 

redched •..rithi:1 lJ seconds at 2c: .l °C for most... of the runs. 

Frort1 studies on dichloro(1 iammi:1cpalladium (II), rle i:~hard t repor ter! 

[ 13] th3t the replacement of one of the chloride ions by water is a 

stepwise re3ction. 

Since these studies showed the reactions to he ver:r fast, the pro­

posed methods of analysis for this study were limited to r.1pid instrl­

Ment.;l types -vrhich could be made directly on the reacting soL1tion. 

The nost promisinb types were potentiometric rlnd spectrophotometric, 

with measurement of the pH of the sol·1tion as the favored method. 



. ince the reactions (eo. ~' and 3) l<~adi::1c to the form-1tion of 

tetra·uTin~"'palladit.lft'l (II) ion :-:>roduce free crlori:ic ions, SOT'le method 

was sou13ht to elirni'1ate the chloririe ion nt this point in the prepara-

tioi1. 'v;i th this ir. r:Un~, fcnsihi li t.'f st udi~s W3r·~ nadc on a system to 

produce tetrarruni1opallar!ium ( II) nitrat~. Drew, e_!: ~1· [J l] prepAred 

t.hi s com_;~ound by the follow ins rcac tlons: 

(5) 

(6) 

However, to eliminate any complications produced by any silver ion 

~emainin~ in solution when the chloride ion was added (eq. h', it was 

dc,cided to prepare Pd(NH) 4(Nl
3

)
2 

by adding excess arn:"loni'l to Pd(:-Jo3)2 . 

~~11en a..r,1nonia was added to Pd ( N.1
3

) 
2 

dissolved in distilled w.:1 ter, an 

extrernel'! nne brown precipitate formed, which was believed to be A.n 

oxide of p<1.ll1.d.:.un. Follm.:ing removal of this rrecipitat~, the sol~tion 

~t.:ts 1cijified with ex~ess riCl and the reaction f ollowed with a Zeromati·: 

pH m"t""r. 7hP ?d(NH
3

)2Cl2 desired was ohtained and the pattern of the 

c~an[e in the hydrogen io~ concentrqtion BBreed very well witn thnt 

found in initial ~tudies of the prepar3.tion oi.' Prl(:~P.3 ) 2cl2 by equations 

:?, 3 and L. Therefore all of the follmving studies were corrJucted on 

the ni tr:1te syster1. 

A Pd(;JH
3

)
4 

(ND
3

)
2 

stock solution was prepared by dissolv·ing five 

gr:1:1s of Pd(No3 )2 , obtained from Fisher Scientific Cor.pany, in 500 n.l. 

of water. Then an excess of llli3 was added, followed by gentl~ heati~, 

3 



after which the solution was allowed to stand for an hour. ~fter the 

solJtion was warmed, the fine crown precipit;.}t<~ formed. IJitric acid, 

Hhich had been boiled to remove Uw N ·2 , was then added in sufficient 

quantity to reduce the pH to 0.97 _:. 1.)2. The fine precipitate was 

thPn removed by first filterine throubh a:1 asbestos m.J.t with suctiJr., 

followed by a second filtration after the filtrate had been mi.xed with 

some diatomaceous silica filter aid (Celite). The solution was dilJted 

to 2'),)) ml. anrl then ·malyzed for palladium usinr dimethylelyoxime to 

prec ipi tate the palladi urn . 

The dimPthylflyoxi~e (DMG) sol~tion was prepared by dissolving ~.) 

gra~ DMG in 99 ml. of 95% ethyl alcohol. To each 25 ml. aliquot of 

!ld (:rn3) L ( NJ
3

) 
2 

stock sol·1tior, 2 ml. of aceti: acid and 2 5 rrJ.. of the 

DMG solution were added. The resul tint: solution \oms then dilut8d to 

Jj) ml., warmed gently and allowed to stand for at least one hour. The 

precipitate was filtereJ through a sintered glass crucible using S'lC-

t.ion. After testinc the fi 1 tra te for incomplete precipitation, the 

precipitate was washed first with a one percent HCl solution and the:1 

cold water. The precipit~te was then dried in an oven at lJJ°C for 

periods of one hour until constant weight was achieved. The ~qsses of 

the p~ecipitates, as dete~ined on a Mettler type H-16 balance (accur1te 

to~ ).)0102 gr'l."ls) [H>], were 0.'>2598 rrams, ').)2600 ~rams and ). 12Ll3 

Grams. A.n average value of O.J::?t>OL grams was used in the c.1lcuL1tion. 

The concentr1tion of palladiuM in the st')ci< sol..1tion, as deter.nined by 

usine 1.31~7 as the theoretical factor, was 3.))1 x 11- 1 ~. 

' The amount of m11/rr3 in the Pd(~IHJ)h(:.l'\13 ' 2 stock. s-l,ltio:~ was 

determined ty evaporatinr; to drynPss a 2) ml. sample of tnP s0lutior. qnd 



weiph~n~~ the rt~sidue. The masses of the residue were 1. r·tu9·) £r~ms, 

l. ·)7 ~.91 r;rams anc 1. 57L9r f rams. An averat:e v.'llJ.e of 1. c:'7o93 gr,-~.ms was 

used in the calcul.1.tion. ThP. qu1.ntitl of Pd(NH
3

)4(:;J
3

)
2

, corr•~spo:d­

inc to the concentr .. t tion of pa lladi urn determineci -1rove, was s;1htl·.q~ ted 

The nitric acid solutions us ed in the runs were titr1.t~d acdn.-3t 

a c:1m:nercial br md ( Helli re Certi fi.cci Reagent) ! . ll()') N sodium hJdroxire 

soL:tion . 

.0.11 pH me.'1surements were made with a ReckM-1.n model G3 pH meter 

(Ser. f!l7 3486) v.r.i. th a general purpose eYternal shie l·led glass electrode 

( ,:h 1498) a!!d a fi her type external shie lded calomel electrode ( ~39170). 

This instr•.1.rnent has a sensi ti vi t)' anrl reprorL.1ci'bili ty of ~1. 1025 pH 

units [ 1?] . At 25. J°C the pH o.f the sample measured by the GS pH meter 

is calculated by 

pH = pH. + 0 . 1J3J.':l (rb - r ) 
s l) s' 

where: pH 
s 

pH of saMple 

p~ = pH of buffer 

rb = duodial reading for the buffer 

r = duodial r~adine for the s~~ple . s 

(7) 

Prior to each run the Model GS pH meter was calibrated with stan-

rl.ard corrul'lerciA.l buff('lrs. Due to l.qck of avail!lbi li Vr of buffers And 

t "1e pH ra:1~e to 'be coverc(l, various brands of buffers had to be used. 

T~e buffers us8d werP: 

5 



3. pH.vdrion pH J. lJ (u.lJ) t 1.15 ~ 2r:.)°C 

r. lcc<mRn pH 7 • ');? + 1.')2 ,., ? } .0°C 

pH 7.)) + ) • ')2 ~ 25. ) \~ 

lJH (_ . ~-7 ... 1.}? t;) L). !°C 

c. 8olcm.:m ;.H J .rn (u.'~l) + ) . il ,..,c ')o,., 
' • v 

pH J.TI (4.10) + ~ . 11 -~ J').QoC 

.\11 of th..:> re~ctions were run in a sm~ll w.1.ter tat~ usin~ a Fisher 

electronic control relay :md a Phil:~delphia microse l t.1ernost.1. t, which 

hnli the te:npcratu.re at t.C: .0°C.:::. l. 12. The stock solutior-.s were kept 

in the same Hater bath. This red.1ced the time required for the scl~J-

tions used in a run to attain the operating tenrerature, and also 

reduce j to a rr.inimum any errors in volumetric m~"!asurements. 

The procedure for e~ch run was as follows: 

a. The model GS pH meter w~s turned on and allowed to warm up. 

b. 4. 150 ml. beaker which had been cleaned, dried in an o·ren ~nd 

r l:l.ced in the water bath \-Jas partially filled Hi th buffer solution. 

c. The electroces were rinsed with distilled water, dri~d with 

tissues and pl1ced in the buffer solution. 

d. The pH meter was rend until a const~nt duodial reading for thf-

1"·1ffer w1s obtained. Tr_i s nsu1.lly took 1~- Jl minutes. 

++ 
e . Thr- ?t~(NHJ)L solution and sufficient water to make a total of 

lJO nl., less the amount of acid to he added l~ter, ware pipPtterl into 

a:10ther· clean"?d an,i rlried lS'O ml. beaker. The pi:l•"'ttes were ri:1S~'d 

thl't:e tirnr;s wit.n the 9Jlltior. to be m~asured prior to trans.:errin~; t"le 

sol'.1tion. Follm.rinr every transfer the pipette-s were all 1;.1ed to rr?.ir1 

.for 2J seconds. 

6 



f. The electrodes ",.[ere removed from the huffer solutio~., rin~3eri 

with distilled water, dried with tissues ~nd placed in the sol~tion 

fro:n (e), which w:1s nm..r in the w'lt.er b·1th. 

g. :'he a\JOV9 solution was allm;ed to stand in the ~mter bath 

atout 15 ni'1ut.es to in.Jure that it we1s ag.qin Rt ~H;. ·l°C. During this 

tim•J tne acid mlution wqs reMoved fron the bath Md the pipette 

h. The acid was th~n adjad Rr0 the electric clock stnrted when 

the pipette bulb :.ra::> a;)proxi:n3.tC'ly half err1pty. 

i. The pipette .,.,as alJm.;ed to drain and the solution w1.s stirr~d. 

By the tirr:e the pH meter could be bale1nced the earliest ree1ding that 

could be m~de v:Rs one minute after start.iq~ the clock. The times of 

sur·sequ.:'r.t re~1din[S are shD',.,..n in the tc.bles in the a~>per.dix. The 

reaction solution was stirrec m~mu 1lly by means of a curved glass 

stirri ·1f: rod .;t. 1 Pa~~t once between each re<tdi ng .for the first ten min-

utes nnd thereuler at frequent intervals during the remainder of the 

run. 

In order to ohtain a reaso!"..-"ll·lr. chan~e ir. pH of the reaction solu-

++ 
tion, .,.rith the relativt:l.;r low concentr1t'ion of PdUIHJ )L , all but two 

rt.ns were ccnduct.ed -r..-1 th the initial concentration of hycrogen ion and 

?d ( :m.
3

) L + of the sane order of magrd. tude. The other two runs were con­

due ted by isolation ~:i t.h the hydrogen ion as the lin:i ting reactant. 

The concentration of a'"'lJTlonia in the reaction solution was cor:;.m ted 

from the measured hydroGen ion concentration of the Pd ( NH 3) 4~ stock 

s:>lution, usine: the equili Lri t.lPl relation for 

K = 1.774 X 1'}9 [6] 

7 
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Sinrc th•.; cor~er~r ratio:, of al"1T!'!onium ion w1s a.lrt>ady l·mm.;n, the ar.u11onia 

concet tration was easi.l:r c!t:tt:~rnir:t!d. Hm:ever the calcul1t':?d ar!Plonia 

conct>l.tr.qtio:l is extrer:t:~ly sensitive to a ver·r sm-1.11 V:lri<1tion in the 

!"'¥ <tS-.trf~o v.'llue of hydrog~n ion concen~ r·ttion. 

A liilli t~d nun. bur of runs were conducted on a Beckmr:tn J"lodel DU 

SiJt:::Ctrophotometer. A hydro;;en arc 1-ur.;:J and matched silica cells (path 

lent:th of l.'1Y1 c~.) were used to stud:~ c1t.sortance :in the rant;e o f 

'"'2 l (')•) '1"' ~ - - ~ ' ~ . A calilrc>tion over the range concerned, shoHed the two 

cells to be mat.ch( d l-:i thill tht~ r,~ac:i nr; accur:1cy of the ir~sln:ncn: . 

DistillPd water w1.s ah;ays u:;ed in the referPI1C8 cell. The~e runs vrere 

intended to provide in.form,qtion as to the r.:.:.te of fo~r.tti.O!! of 

:,r(rn1
3

),..Cl,.., fror.1 absorlancr~ rnea~ureme!1ts over a r'eriod of t'Lm·~. 
c:. c.. 

0 
'-' 



III. r.xpcrinent 1.1 R~sul ts 

~. Absorption Spcctr1. 

The results oft~~ ex;::crimc1ta1 runs are: 

a. A sol1. ti on of 4. ~( x 1 )- 3 H Pd ( !~1i 
3

) ~-+· prepared by equ-1 tions J > 

2 anj 3 shm.red ab~orb;mce ~lo 1 ~ Io) pcJ.ks of l,9'1U at 295 m_p. and an 
T 

incH.asinr ab~orb;mct"' at 22·1 ¥ (curvt-> f..~ fig. 1). 220m~ is the 

lower l.ir:i t of t !1e: :·iode 1 DU spec trophotor-:c t.Pr. B:' t-f•1 ba [ SJ r eported 

the r-1.jor absoq•t ion 'leak of P(· ( :-;}! 
3
) 4 Cl~, d issol v~ct i r. Hater as 25-L Tr')-<- • 

t·. TLe sol·Jti o;; fro< ( -1.) ;..:as aci. iifi'"'!d .-:-·1 t.h cxce ss HC 1 :~.nd :1llowed 

to st;nri t.:1til P.i(:,"HJ);-:Cl 2 crn.-tals appPRrl::"d. F.XR.!1!i::;-1tion of thE' soll­

tio:1 srorr<~.J absorbC1DC(• :-:'e<11J:s of 0.1f7 at ))1-3'/S ny.<. , l.PQc:' ::1t ~·15 P1.f.<. 

'- . ' t t d 1 t • f p....l ( '~ T ) ~ 1 t 1 d • 1 • 1 :=;a -.~.rti •) . ~o u 10:1 o • {' .. .:-: 
3 2L :• cr·_n> .a s A~:sso vu•1 1.n 

cistilled water sl.o'h'l!d an absorbance peak of 1,[01 at 370 rryl<. and 

cr\?ater tha:1 3.) r~t1 .. een ~·2J .:·md 23S nA (curve c, fit;. 1). :-,abeaba [ 5] 

d. 
., 

·'\. 9.667 x lo-c. N HNv3 solt.;.tion sho¥ed only the aLsorbance peak 

of (•.7)4 :1t ).10 ~ , wr.ich can be attributed to the nitr.:-..te ion (curve 

B, fi~·. 2) • 

stroni absor~tion peak of the nitrate ion and an absorbance gre~ter than 

3. "'J t.elm.; 2L) m_.,L-<.. (curve A, fig. 2). Thf'se absorptions were suf!'iciently 

str0:1~ tc screen thP. knm.n peaks of Pd(r:H
3

)
4
cl

2 
Rnd Pd(NH

3
)

2
Cl

2 
if these 

ha~ been present. 

The strom'; absor~-·tion below 2.50 m,.t<. could not be associated with 

any rart.icul:tr spc·ci·~s, ht.t a;>pcared whenever a palladium-amnonia com­

!10unr~, of onP for:n or auc:ther, was presei~t. Since these results indicat.E.'d 

V1at this rr1t>tl.od H-"~S ;,ot fF!asirl.= to rleternrine tr.e rate of production of 

:'c ( ·::1
3

) ~· :::1
2 

, fu.r"'Jht:r studies ... rere abam1oned. 
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B. p.i XeasuremC'nts 

-t total of 23 runs were conducted by pH m8nsurements, o~· "'''1i.ch five 

were discarded because of ins trumei.t 1.1 dir'ficul tics and three were J is-

carded for h um<ln error:..·. Seven runs were conducted on the 3Y s ten1 of 

Pd(.:m
3

)4(r:u
3

)
2 

plus h.:,rdro6e'1 ion and chloride ion before it H:"s reali7cd 

th'lt it is possitle to also ~repar8 Pd,:JH
3

)?.(N.J
3

)
2 

in this !"lar;nPr [Jl]. 

Thus, thE possibility existed of prod.;.cin£ Pd(~m3 ) 2 Cn3 ) 2 'l:lCI/or 

Pd(N:--I
3

)
2
Cl

2 
dt...ring the course ol' the reaction, and therefore, th<" remain­

der of the runs were cond•1cted on the preparation of Pd(N:1 3 ~ 2 0i 
3

); r·y 

+ ') ~JH 
~ . L (9) 

Throughout all of these runs the hydrober. ion concentrqtior. dro~Jp0ri 

at a slowly dccr--easir.g ratt; froPJ t = l t.o t > 1)()0 seconrl.3 (ct..rve .\, 

fit~• 3). Jne set of runs (rill and 113) c.Jnduc ted with a very low chlo-

ride ion concentration behq"~.red amos t identi cal] y with those without the 

chloride ion and is also included (curve B, fig. J). The data for all 

the runs on PdUIH3 ) 2 (I~Jl3 ) 2 are presented ir. the a:'pendix (tablf> 3). 

Ex:unination of table 3 sho.,.Js a SPinll dilference in the hydrogen ion co;,-

centr1tion at t = 6'1 se~onds for two identically conducted runs; n:ns 

nll and #13 in t1ble 3l:: are an eX;l~'Tlplr>. This difference resu.l ted from 

a variation in the tiF..f· of startint; the clock, which t-:o.s when thn 

pipette bulr was arprcx.irr.ately hnlf empty. Thus n few seconcs differ-

ence in timing of tt-:o simil~r rur.s was ve-rr poss1rlP.. 

Since the overall reaction is a double ~ubstitutio~, the lo~ical 

choice is a mech:=misrn ~:i t.h c.:msecuti ve reactions of the t:roe 

12 
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Hydrogen Ion Concentration vs Time 

0 2 4 

A. Initial Concentrations (table 3a) 

Pd(NH
3

)
4

(N0
3

)2 1.5455 x 10-3M 

0.38820 M 

B. Initial Concentrations (table 3b) 

Pd(NH
3

)
4 

(N0
3

)2 1.4040 x 10-3 M 

6 8 10 

0.35270 M 

9.503 X 10-5 M 

12 14 16 

Time in Seconds x 10-2 

13 
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( l)' 

B .. C ( lJ) 

Th..., cen•:ral for'TI of U.is r c~sults in a differer~tial eciu .tion for wr.ich 

there is no elemer.tary sol-.1lio:1. ilO'.-Jever, wh""·n k
1 

>> k
2 

the first 

st(~p is esser·tiall1 cor:}'let.e befon· the s econj star t.s , so th ·tt each 

phase of tht- rtJaction can be tr.~ated sep·lr~tE::1·r as a s.iJnple second order 

rcactivr.. Tl-:.r· i:Jtegrnted for:r. of the r~t~ law for a s in[:;le ftep re~c-

tion (sue~ ~s eG. lJ) is 

klt ~. J•JJ log AOB (12) 
11o- ·~o 

..., ' 
n J\ 

0 

whcro A = 1\ B + B 
0 0 

For ec;aa tion 9, one !'ossibi li ty for the first step of tht> su~:-·~t it~..:-

tion is 

= (lJ) 

Since tt~ ccncent r ation of nitrate ion in thPse studies w1s esse~ti1lly 

canst 1.rt jurinr the cours<1 of the reactior.., U.·~ 1Love r:j,te la;,. could 

proper]·/ re nppli»d to thi~ sinele step ( "'q. lJ) . Th 11S 

k't 
1 

= 

Simil3.r e. 1uat:ions at)rlv to the second step of the substitution. 

(11) 



In runs f'l6 ani /i?l, conductud by ~ne iso]R.tion technique with the 

hydroi:en ion as thP lirrji ti1:r reactant, was less than 

[ Pd (IJI 
3

) ~+ ]
0 

, which rYJans that in these runs the r.Iajority of the reac­

tion i nvol vcd only the first suhsti tution. Applying equation 12 to 

1 
these runs resulted in r·~asonatly constant values of k for a particu­

.1 

lar set of point-~· -point calculations. However, the value of k~ varied 

frorn l. 2 to 2 5 liter depending on the value of [ H+ ]
0 

used in the 
mole sec. 

calculatior1. Extrapolation for the effective initial concentration of 

hydrogen ion was very difficu.l t and of doubtful accuracy for this set 

of runs bec2.use most of the change in the concentration of hydrogen ion 

was complete within four to five minutes. This resulted in a curve of 

[ H+J vs time with a large initial slope which in turn led to a wide 

ran(;e of extrapolated values of tLFt f . 
~ o 

Analysis of the above set of runs broug,ht to lit:.ht. a discrepancy 

ir. these r ms, which was that the effective ini tiql hydrogen ion con­

centration ( [ H+ ]
2

) could not accurat~ly be predicted beforehand. The 

cause of this discrepancy was the inacc·uacy of the m~asured value of 

the pH of the Pd(NH
3

)4(N0
3

)
2 

stock sol~tio~, which resulted in inac­

curate values for the initial arr.rnonia concentration ( [~rn3l 0 ). This in 

turn resulted in inaccurate values of [ H+ J
2

• For example, an increase 

of 0.02 pH units of the measured value of the Pd(~~3 ) 4 (NJ3 ) 2 stock sol~­

tion would result in a 33% decrease in [ H+] 2 for runs #lc and #21. 

This particular effect. appeared in all of the runs, but t:> a nuch lesser 

ox tent in the others. 

15 



Tht• best esti.JT1.1.te fro1:1 gr.:1phical a:1alysis of r 1ns #16 and .#21 is 

th.1t :<~ is a 1,proxi.md.tel; l)-20 liter 
mole sec. 

To tc:st this estimate, the 

hydrogen ion concentr:1 tion n t t = bO seconds of runs #8, 9, 11, 12 and 

2J, in which the observed hydrogen ion concentration at t = 60 seconds 

was ~reater than rH+l was calculated from 
u ... )3 ' 

k' t 
1 

where: 

A B 
log 0 

B
0 

A 

2n liter 
mole sec. 

B 
0 

(from table 1) 

A 
0 

= r Pd ( NH ) + + J 
1. 3 L o 

(from table 2) 

(15) 

These particular runs were chosen because the observed change in hydro-

gen ion concentration by t ""' 60 seconds was less than that required 

for completion of the first substitution. Therefore, the second step 

was assumed to have progressed to a negligible degree and thus would 

not cOmJ,licate the calcul; tion. These values are presented in ta'Llr· l. 

The c'llculrited V8.lues agree reasonably with 't.he observed v·~.]u8S 

and therefore the approxi;nate v1.l..1e of k~ is i:~ accord 'lt:i t.h the observ:-.1-
.l 

tions. This val;1e of k~ indicat.Ps th·~t the mJjority of t':e first 

subst.i t'..1tion is com; leted prior to the first. pH re1.dinrs taken of the 

reaction sol·..1t ion in the other r'ms. ~h·~r.:.fore, it is reason·1 bl~ to 

I 
assw:te that k1 >> k~ , anr1 that it is possi'·,le to calculate k"' also 

from a sirrlple sin£1~ step rate law. A.prlJi::-l[ the r-ate equatior1 o!' the 

second s~lh3titution (sirllil:ll' to ec;. 14) to t.he c:-1t q' 1sinr extrapol'lt.?d 

16 



Tntle l 

[H+]l [ H+] 2 \ H+J [H+J
60

(obs) 
- +-; l 

Rtm fH t
6 

(calc)· 
L. 3 - ...J 0 

8 L.933c; c ~ . 289 c l.oL3 c l./76 c 1. 9CJL c 

9 l.t. 9335 3.289 1. 6L3 l. 97 I ::. . ')04 

11 L.LS~ 2 . 89~ 1.491 1.'.>25 l.r:>22 

13 L.482 ? . ':.9r; 1.491 1.C:96 1.622 
1-1 
--.J 

14 l_. . 933c; L. ;61 3.2S8 J . J25u 

20 2.L667 1.S95 0.822 0 .895 '1.929 

22 9.867 8.122 6.576 c.1J9 

23 9.867 8.122 6.576 5. 922 

1. Calculated by equation 15 



val us o!.' [ ·t.Jo fron. curVJ~s o'' [ -t] vs ~ Lmt , resulted in a re~1son1bl:r 

constant v1 Lte of k2 for e:1ch S"' t of n.n.:~ ( t.iLL~ 2) • The~e V'll t~s are 

consistent \dV1 the previous assu?.·t.ion th:J.t 1< 1 >"'? 1<: 2 • (7he v-1l·1es 

of k,~ ~reseutcd in ttJ.bl~ 2 ar•~ the av8raf:e valuf' for the first cOl sec-
'-

... 
onds of thu runs. After bO) seconds the i '1di vidual VP.LW s of k~ began 

'-

to decreB.se slm-:1;, ai)P:l:'~ntly as equilibrium was .:1-;Jrro.J.chE"d. )ce fi ·. 

l~ :mrl table 3.) 1 IOH€:'V~r, conp;.rison of val·1es of k~ ( iVg.) for diffr:r··.:-11t 

~F~ts of runs at lh'-' sa'1'Je in:.ti...1l concentration of Pd(Nt1J)L+ sbmwd a 

small bnt definite differ{.n.ce. 

Ex·!Pl:inrl.tion of tatle l shoHs th.'1t in runs IJlL, 22 and 23 t~e 

[ :I+] 
6

')(obs.) is less than [ H+- ]
3

, which indicates that mo:.t of the 

first and part of t.he second substitutions have occurred; whcrt=?as in 

t~~ remainin;~ runs the substitutions have nol pro~ressed as fa.r. Sine~-;" 

thf• hydrocen ion concentration at t == 61 secor1ds co!"responds to dif-

.ferent degrees of prot;ress of the first and second step of L"v.? reactior., 

I 
thf~ obsPrved values of k2 , calculated by usin~ craphically extrapol~ted 

r + ...... 
values of L H .J

0 
(table 2), ~ill show a sliv.ht v1riation for several 

runs at the same initial concentration of Pd(NHJ)h+ , L'Ut at different 

values o.: [ H+ ]
1 

• The more hy<-irogen ion that 'H'lS consumed reacting 

Hith Pd(NH3 )h+ from t = 'J to t = 60 seccnds, th8 lower will Lethe 

observ~d V-1.lue of k~ • 
'-

in runs #?2 anr!. #23 th.1n it is in runs f/8 and #9, and k;2(1.vc.) is lower 

:.'or run3 fi22 md t 2 3. Thus, the v~riation of the observed V::J.lues of 

k~>vg.~ for the saJ'l'le initial Pd()IH
3

)'[/ concentr1tion is at least 

qualitativel:; 1ccountr.>d for. 

18 
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From equation 11~ 

k
1 

= kf([Nj]) 

I 

ComnRrint: runs 118, 9, 11 a:ld 13 with runs 111..4 and 20 shows k2 for the 

first t;roup to be approxinn tel.v h.'llf of the value for the seconri group. 

I 
I:~ orJer to account for a lower v,1l1~ of k2 at a higher salt concen-

trntion, it appears t 1wt k~ must be equAl to one of the following 

k 
') 
L or k. [ >Tr -] 

:: ~ ~-
r"T71 ... -J.:: Lm.L 

inasmuch as [ ~me J ~:: [ N ; J tr.r:mghout. (No experimental runs were 

conr:uct~d ""ith varying amr1onium or nitrate ion.) All of these fonns 

indic::-lte that an equilibri.1m is involv-ed somewhere in the mechanism 

prior to thP. ra te-determini.ng step. However, insufficient information 

vras av.1ilable froM these studies to arr ive at any conclusions concern-

ing the nechanism. 

The evidence collected in these studies indicates the followin~ 

for~s of the rate laws; for 

Pd (~1 )~+ 
3 4 

+ 

-d r :(1 = 
dt 

and for 

-j [ ~t] 
dt 

vTher8 k
1 

is approximately 3-4 second-l 

= 

+ + y = 

k? [Pct(~~3 ) 3 (Y)++] [ H+] 

[x] 

+ 

-1 
where k2 is a pproxirra tely 0. 2 second 

21 
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.... 
u. EL1 .iliGrium Rel'"' tior.3 

..3incc an al'pro::tch to e milibriu.11 is indic .ted l y t h~'"'· t. rend o!. t}lC 

inc!ividu:1l val1es of k2 \t'1hle 3), .1pproxi;n.cte vtlur.s for u,~ rossille 

eq·1ilibria 

+ 

were caJ cul·l.ted. 

. ,. 
r. 

+ 

where 

+ y + ( 16) 

+ (17) 

Runs ij16 ar;d t L'l LNolv~d .Jri:n.1ril:/ only t.l-te first subst.it ttior 

and ther.=>fore only the first equili briUJ'I'l was assUflled to be npplicabl8. 

lfydro.:.;en io11 concentr1.tions were extrapolqted to t = oo by plotti.nt~ 

[ H+J vs (time) -l ( se~ fi6. S). The other concentrM.tions were founJ 

frorr: 

l pc r 'r.J' ) ++] L ' .. n3 L o (18) 

[ Pd ( I·:H 3 ) 3 ( y ) + + J 00 (lj) 

-7 
= e .s :x lJ M 

..... 

uatnr a!~ri 2.4 X lJ' whc:1 •r 
L was ass Jr.l>:d to be ni +rat·~ io: .. ).f th~ o• hP.r 

runs, only 48, 9, and 20 coulri reason1bl.1 be E'Xtrapol.::t t ·J j to t = 00 

For these runs only the s·~cond equililrium H'1S ass ·.u1· :1.l to be .ll T 1 i. r g_ 1 1· · . 
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Tht• conct~nt r 1 tior s wcr~ fou.1d f rur : 

[ ?d ( : ,-;1 ., ) .. ( y ) + ~ J 
~ ) 00 

[r 1 ( i:II "3) 
3 

(Y) .. + ]
0 

Run t/20 

Fror1 thr>se :<., l-l~S ca.lcula t.Pd 
c.. 

aSSl..L'Tcd to be water, ar,•l r.: ), . .... 

to be 

y 1-j. 

1.08 X 10-3 M 

LJ\) X 10-4M 

2.1 X 1 ')4 a>1d 

a!"!cl. 1.6 X 1J5 

( :~1 ~ 

( 22) 

(23) 

I 

3.2 X l Ou io~hen Y was 

when Y was assum~.!d to 

These val1t~s a re only approximate, b'J.t the-,- at. least indicate the 

rElative orders of magnitude of t;1e equilibriwn constants invo1v~d. 

2L 
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Table Ja 

Initial ~oncentrations ~C • mM) 

Pd(NHJ)L Ou3)2 1.~455 C 

rrn4No3 o .3582o M 

time 

seconds 

60 

90 

J2J 

180 

210 

240 

270 

30J 

330 

360 

390 

420 

b5o 

us() 

510 

SLo 

R'.ln #8 

H~(~1.2J C) k' liter 
mole sec. 

2.'J93J c 

1.9758 

1.9257 

1.8711 

1.8137 

1.6t:!.9 

1.6202 

1.5806 

1.5523 

1.')224 

1.4849 

1.llt20 

l.b3L9 

l.Ll28 

l.JEPB 

1.3620 

'1.666 

0.6S5 

o.6L8 

).702 

0.689 

0. 737 

0.724 

0.7L2 

o. 740 

0.725 

0.7';'.6 

n. 726 

1.722 

(). 713 

0.716 

o. 713 

26 

Run /19 

H+ ( .:..:) . 2 0 C ) k ' 1 iter 
mole sec. 

2 . ·1P6S c 

1.9168 

l.P667 

1.8208 

1. 7650 

1.7149 

1.6701 

1.64')5 

1.5890 

1.s~35 

l.r'246 

1.4919 

1.3727 

0. 766 

0.6)9 

0.639 

0.664 

I). 689 

0. 70C 

0.686 

0. 7'J9 

0. 709 

1. 721 

'). 700 

'J .649 

).693 



Table 3a (cont•d) 

time Run #8 Run 1!9 

seconds w k' H+ k' 

~7) 1.3398 c ----- - c 

bOO 1. 323!i 0. 702 1.3327 0 . 687 

660 ] • 2 87 8 ').688 1 .2968 0 .668 

720 1.2~[ 1 0.678 1.2669 o .6S3 

?80 1.? JlO 0 .669 l. 2396 0 .642 

540 ------ 1. 2211~ 0 .)91 

900 1.1812 0.650 1.2)26 0 .581 

960 1.1711 ------
1020 1.1603 0.602 1.1730 0.578 

1080 1.1539 ------
1140 1.1L41 1.1)22 0.541 

1200 ------ ------
1260 1.1229 0 .531 ------
1320 1.1206 ------
1380 1.1177 1.1291 0.471 

1440 1.1160 ------
1)00 1 .1134 0 .454 ------
1800 1.1022 1.1117 

210) 1.0988 ------
2400 1.0996 ------
360') 1.0996 1.1117 

27 



Table 3h ----

Initial Concentrations (C = mM) 

Pd ( ~H 3) L; ( :-J,)3) 2 1.Lo4 

"Hl ~r I. 
·• I' J '). v:·?7t-i 

KC1 9.So x lo-5 M 

tir.:e Run #11 Run ,¥13 

seconds H+(!').30 C) k' liter H+(!1.30 C) k' liter 
mole sec. molesec. 

o* 1.7221 c 1.6916 c 

60 l.t,283 0.785 1.5957 0.666 

90 1.5820 0 .683 1. 5528 0.800 

120 1.5661 0.574 l.tJlll 0 .666 

150 L52J5 0.628 1.4636 0.640 

180 l.LG~L ().721. l.L2L3 'J.7r:5 

21•) l.l 276 ·1.689 l.37PS 0. 761 

2LO 1. 3871 0.72L 1.3L3~ 0.783 

271 1. 35LJ 0. 7r;r l.~s-32 o. 772 

JO'J 1.3207 ). 7o') 1. 2812 0 . (P6 

360 1.2~L6 '). 7 65 1.22L7 'J .767 

420 1. 21L2 ;. 7Ll 1.1756 J. 7~2 

480 1.17)3 0.724 1.1242 0.783 

540 1.1216 0. 750 1.1)16 ). 7Ll 

600 1. )796 f). 7h5 1. J79c 0. 708 

660 1. ')013 o.72L 1. )465 ). 7J3 

720 1."1328 'J.71S 1. ')256 0.672 

• 
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Table 3b (cont'd) 

time Run /Ill Run #13 

seconds w k' H+ k' 

780 ------ c ]. 1058 c 0.663 

84') 0.9902 0.581 0.9988 0.628 

900 0.9795 0.655 0. 9772 0.60') 

1J20 J.9552 0.9606 

1140 0. 9l!65 o. 9458 

1261) o. 93Ll 0.9312 

13BO o. 929e 0.9247 

1Soo 1.9211 ').9197 

1800 0.9105 0.38? 0.9105 0.380 
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Table 3c 

Initial Concentrations (C = mM) 

Pd(~H3 ) 4 (uo3 ) 2 J.7728 C 

NHLN03 0.1941 M 

time Run #14 

seconds H+(:!:1.1) C) k' liter 
mole sec. 

04~ 3.2072 c 

60 3.0?54 1.418 

90 2. 92 3t:; 1.650 

120 2.P783 l.r'21 

150 2.f471 1.396 

180 2.13361 1.206 

210 2.8010 1.186 

240 2. 7556 1.243 

270 2.7279 1.223 

300 2. 7130 1.104 

360 2.6774 l.lJD 

420 2.6442 1.083 

480 2.6115 1.082 

540 2.5812 1.096 

60') 2.5592 1.090 

660 2.5197 1.222 

721 2.5080 1.198 

780 2.4E66 1.285 

30 



Table 3c (cont'd) 

time R1m #14 

seconds H+ k' 

840 C.' .1~67 3 I"' 1.22.::' IJ 

900 2 .I-L462 l.Llo 

1)?0 2. 31)72 

ll4C> 2.}0 90 

126o 2. 3G2 I 

1380 2.2968 

1)0') 2.1147 

1800 2.2807 

27.)0 2.2178 
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T~ble .3d 

P-4' ··ti ) ( ~~ · ) ·r .72P. (~ 
• ~.' .H .3' L ~h 3 2 , 

11"_! r· \ ..... 1 11 1;:-:.l.:. ~ 3 ' • . ! . ~, 

tir:1e Run "?' 
SPCOllCS 

o* 

60 

90 

120 

150 

180 

210 

240 

270 

3~0 

.331 

.360 

480 

60) 

l£0 

720 

.32 

?.5'/5t c 

E. >'LJB 

." .66f36 

8.401! 

p .17')'( 

7.'/2)4 

7. ),"(,2 

7. JL2; 

(. ?)64 

6.lU)0 

k' liter 
l.lOl~. 

1.413 

l.SoS 

1.555 

1. se .3 

1.7.30 

1.t25 

1 .(,10 

1 
_, )'-

• )< 



Table )d (cont'd) 

time Run 1!'20 

seconds H+ k' 

?P.n r; .Ld,2P. c 1.3')') 

840 r' • 3 t;t)r, l. JC:) 

9:10 r: . 3!~21 1.?66 

11.',) c:: .1)!62 

120./ S . 09~4 

1380 4.9S74 

1)')0 4 . ?)62 ') . Q 81. 

3600 s.oS49 

33 



Trtb1e 38 

Initirt1 Concentrati ons (C nJ-l) 

tiiil8 Run 1!22 
+ 

seconds H (~ l ,l ~ C) k ' liter 

60 

1?') 

150 

:8J 

210 

2'1) 

})') 

33J 

6:)t) 

.1'1?3 

r- .7F29 

:. ?hOS 

5.ub94 

5. 7005 

r' .!.7~7 

r·ol~ 3PC. 

'J . 26S 

0 .:?61 

0 .268 

J.219 

0. 2.)8 

8 .190 

0.165 

0.218 

') .1 ?S 

0. 130 

0. 12) 

:tun #23 

6.2!.31 c 

'1.337 

c'. 7 J( 9 

c',9Jl2 

5.7989 J .235 

"'1 ,221 

5. 74JS 

5. ?13[ () . 214 

~. 7"'1)3 ), 197 

0. 2J:; 

1 .21 '1 

r-.LC'JL 

r. Jt_·r ) 



T 1l·h· }': _ ( corr_'_ ) 

ti!'le Ibn ?2 ;:;.,.m ~3 

seconds H+ k' ;·( t<' 

7PO t; .U.J lL (' r' • l', 36 c l, 1 ~~; ..J 

PL0 r:' • 3090 .. . 1 )(_,r' 

?-'Y) S.33JP '""' .1 .... 6 r • :'Gl 3 "'. l ?e 

960 c .3117 --- ·--
1 ')2J r .2El2 c:;. l )0~ 

lll!·l r- .2531 .1~3j 

l2b0 ~ .2326 J.l21) r .'J~v3 .2 )3 

13~0 5 .1881 r: .oo53 

150" c: .1b39 !.. • 9()3 j ).122 

1800 5.0:121 'J.llJ -- ----
21 10 5.0212 ------

2u') l L.97;7 ------
271! 1J . 92S3 '). 1 )t; L . 7l..76 

11JO L.~)JC --- ---
6lJ() L.t?L3 ------

J5 



Initial :oncentr~tions 

')".J '1 ... ~ )") 
l, ) 

timt> ]un :''1~ Run J. :-'1 

S•'cor,~s li 
... 

~ .:1 . ; 1rl\ 1+ .; 1 • J ~J-7 ., X [. I.- • 

o·~ 11 . ~~~ ( X 1 )- 7 ~1 11.17 ' Y. l .-''/ :1 

(I 1). ~~:~ 1 ).t)J6 

9'J l ).I_7J lJ.317 

12~1 11.174 11. l! 7 

1)0 9.9"S7 1 ·• )2L 

l~J 9 . 0.6~7 9.'))26 

21·) 9 o 77 ')~I 0. r L66 

2u') 9. 72)~) 7.7rr;6 

271 ------ ~.7L 11 

J'Y) 9. 6·"'~L6 ------
·n1 9. SJ !2 } • 7 J-:!2 

360 <.,.r_'J)2 9 .c 706 

l12'J 9.5078 9.027') 

480 9 .bJ3? ------
S4n -----..- 9.5u4e 

600 9.)078 9.SS9e 

660 9.2711') ------

720 9 .219L ·). 5P9t 

Jt 



Table 3f (cont•d) 

time Run #16 Run #21 

seconds H+ H+ 

780 9.2886 x lo-7 M 9.5448 X lo-7 M 

840 9.2812 9.5078 

900 9.3030 9.5210 

1200 9.2308 9.2956 

1500 9.2194 9.0458 

1800 8.9312 ------
3000 8.8440 ------
3600 ------- 8. 7oo4 

5ooo ------ 8. 2458 

37 




